We describe recent advances in biophysical and social aspects of risk and their potential combined contribution to improve mitigation planning on fire-prone landscapes. The methods and tools provide an improved method for defining the spatial extent of wildfire risk to communities compared to current planning processes. They also propose an expanded role for social science to improve understanding of community-wide risk perceptions and to predict property owners' capacities and willingness to mitigate risk by treating hazardous fuels and reducing the susceptibility of dwellings. In particular, we identify spatial scale mismatches in wildfire mitigation planning and their potential adverse impact on risk mitigation goals. Studies in other fire-prone regions suggest that these scale mismatches are widespread and contribute to continued wildfire dwelling losses. We discuss how risk perceptions and behavior contribute to scale mismatches and how they can be minimized through integrated analyses of landscape wildfire transmission and social factors that describe the potential for collaboration among landowners and land management agencies. These concepts are then used to outline an integrated socioecological planning framework to identify optimal strategies for local community risk mitigation and improve landscape-scale prioritization of fuel management investments by government entities.
INTRODUCTION
The need for more sophisticated approaches to mitigating wildfire risk is becoming more recognized as uncharacteristically large wildfires in the western United States and elsewhere overwhelm government capacities for their control and suppression. Although fire is a natural and ecologically important process in many landscapes, these so-called mega fires (1) are atypical in their size and severity even for the fire-adapted ecosystems in which they occur. These fires burn forests, infrastructure, and homes, create hazardous air quality conditions, disrupt plant and animal communities, and alter places of scenic, ecological, and amenity value. In the United States, over 34,000 homes were destroyed by wildfire between 2003 and 2012, and suppression costs ranged from 1 to 2 billion USD per year. (2) These fires place substantial financial burdens on federal agencies responsible for suppression and have prompted reevaluation of federal policy regarding risk management of wildfire and fire-prone forests. (3, 4) To be effective, the process of evaluating risk associated with natural hazards such as wildfire must acknowledge the influence of both biophysical and social factors, (5, 6) since both types of factors influence the probability and potential losses associated with an adverse event. Similarly, the process of setting mitigation priorities should consider objective evaluations of risk (i.e., based on prediction), as well as subjective evaluations of risk (i.e., based on perception) since both of these types of evaluations determine human behavior. (5, (7) (8) (9) Typically, objective (or technical) approaches to risk assessment (i.e., risk analysis) focus on statistical estimation of the probability and magnitude of adverse events, defining magnitude on the basis of economic, ecological, or social impacts. (5, 10, 11) Alternative social approaches to risk assessment for mitigation planning have involved defining people's risk perceptions based on qualitative social processes such as identifying community values exposed to wildfire. (12) (13) (14) (15) A shortcoming of these parallel efforts is that these risk mitigation subsystems are often disconnected in planning frameworks because frameworks lack recognition of the different temporal and spatial scales at which biophysical and social processes operate (i.e., are mismatched). (16, 17) For example, in fire-prone systems, from the perspective of individuals, large wildfires are a rare event, making accurate risk perception difficult. (18) Moreover, the risk of a large wildfire can be a function of the composition and distribution of hazardous vegetation sometimes quite distant from the location of an urban interface, (19, 20) whereas the scales on which public officials tend to plan are often the local spatial entities to which a group feels it belongs and by which a group governs itself (e.g., communities). (21, 22) These scale mismatches can inhibit simultaneous consideration of locations most likely to contribute to the creation and transmission of high levels of wildfire risk, and locations where property owners and land managers are more or less likely to contribute to landscape-level efforts to mitigate risk, both of which are necessary steps for efficiently allocating scarce risk mitigation resources in time and space. The importance of scale, feedbacks, heterogeneity, and linkages between biophysical and social systems (i.e., social ecological systems) has been emphasized in both the natural hazards and conservation planning literature. (6, 17, (23) (24) (25) In this article we identify how the lack of integration between social and biophysical systems in community wildfire protection planning leads to scale mismatches that potentially compromise progress toward reducing wildfire-related losses in the wildland urban interface (WUI). We describe how existing wildfire mitigation planning can be improved using a coupled analysis of social and biophysical factors that each influence wildfire risk and mitigation opportunities. This coupled analysis leverages newer science and tools as part of a planning framework that involves assessing: (1) wildfire risk transmission networks that describe the connectivity of landscapes with respect to wildfire exposure to ecological and socioeconomic values; (2) the social potential prevalent among landowners, land managers, and communities to respond to wildfire risk through mitigation and other activities; and (3) spatially optimal strategies for prioritizing mitigation activities based on coupled analysis of biophysical and social factors that determine mitigation need and opportunity. The framework builds and improves upon current wildfire protection planning processes by explicitly linking probabilistic risk networks with social factors that drive landowner mitigation as a means to jointly consider the respective contributions to reducing potential wildfire losses. Although our article focuses on wildfire protection planning in the United States, the concepts and tools are applicable in other fire-prone regions, and potentially for mitigating other natural hazards as well.
CURRENT GAPS IN WILDFIRE MITIGATION PLANNING
Current policy in the United States focuses technical and financial assistance for wildfire mitigation on areas subject to high wildfire potential near homes, infrastructure, and other valued resources. (26, 27) By engaging in Community Wildfire Protection Planning (CWPP) processes, local stakeholder groups qualify for opportunities to influence wildfire mitigation activities on nearby federal lands and receive funding for mitigation activities on nonfederal lands (e.g., private, city, county). (28) The planning process in the United States and elsewhere begins with the delineation of a planning boundary and an assessment of dwelling density, accessibility, fire suppression capacity, and the vegetation conditions in terms of factors that contribute to flammability and structure susceptibility. (29) (30) (31) Plans generally propose protecting community assets in WUI areas by reducing flammable vegetation by thinning trees, creating fuel breaks between populated and wildland areas, and upgrading building construction with nonflammable materials. (32) These planning guidelines are supported by research at the individual-structure level, determining characteristics that contribute to local fire risk and vulnerability to fire damage. (33) (34) (35) The operational effectiveness of these current wildfire mitigation planning efforts can be viewed from different perspectives. Some research studies suggest that CWPPs are successful when they engage residents and other stakeholders in efforts to address mutual concerns about wildland fire management, prioritizing hazardous fuel reduction projects and improving forest health. (15, 32) Other studies, however, have found that CWPPs have not resulted in sufficient reductions of risk as large wildfires have continued to burn into WUI areas that have been treated according to CWPPs. (36, 37) Growing wildfire losses within the WUI following substantial investments in planning and mitigation would seem to indicate the existence of potential problems and unrealized expectations for risk mitigation programs. (2, 20) Despite the apparent progress in motivating both public and private sectors in fuel reduction and other risk mitigation activities, we believe that a number of key gaps exist in the current planning frameworks and prioritization process that will limit future progress toward fire-adapted communities, (4) including: (1) inadequate biophysical characterization of risk from large fires; (2) lack of emphasis on socioeconomic drivers that influence public land managers' and private landowners' risk perceptions and their inclination and capacity to mitigate risk; and (3) incomplete integration between the assessment of the social and biophysical risk subsystems.
Regarding the first gap-inadequate biophysical characterization of risk from large fires-our assessment of typical CWPPs has revealed that few, if any, have leveraged state-of-the-science methods for characterizing wildfire risk and identifying the relevant landscape for mitigation activities. (38) Direction in the CWPP process calls for assessing local ignition patterns and potential fire behavior, but fails to specify analytical standards and rigor for the process. (39) In particular, current direction to delineate planning boundaries between 0.5 and 1.5 miles from a community boundary are inadequate to capture landscape-scale risk associated with large fires (e.g., 10,000-100,000 ha) that cause most of the losses within and around the WUI. These "mega fires" (1) burn through complex mosaics of fuels, topography, and land ownerships, sometimes traveling 20-50 km before reaching communities, (20) and their occurrence cannot be predicted by local ignition patterns. Capturing who "owns the risk," i.e., the landowner composition of the areas that spawn large fires and the associated barriers to treating fuels, whether it be public policy or private landowner behavior, is a key analytical step omitted in the current planning process. (19, 40, 41) For example, large areas of national forest are federally designated wilderness and roadless areas where mechanical fuel treatments are either prohibited or highly restricted (43% of the area of the 82 western U.S. national forests). Similarly, land management objectives on remaining lands, such as aesthetics or habitat protection, may complicate fuel management activities in particular locations. These constraints on fuel management, intended to reduce the exposure to large fires spawned on national forests, are not quantified in current planning. Thus community protection efforts in terms of fuel management, suppression response, and homeowner activities to reduce dwelling susceptibility lack information on the collective influence of different land ownerships on the spatial and temporal heterogeneity of large fire events, and resulting risk to communities.
Regarding the second factor-lack of emphasis on socioeconomic drivers that influence risk perceptions of land managers and property owners and their inclination and capacity to mitigate risk-we note that stakeholders in current CWPP processes generally are considered equally in terms of both their perceptions and capacities to mitigate risk. This despite the body of research on human dimensions of fire that suggests substantial diversity in the awareness and perceptions of wildfire risk among people who live in fire-prone areas, as well as their inclinations and capacities to mitigate risk. (42) (43) (44) Moreover, research studies suggest that private property owners' land management behaviors can be explained in part by variables that can be assessed and mapped locally, including, for example, ecological conditions on or near their properties, proximity to wood processing facilities, and land parcel attributes. (1, (45) (46) (47) CWPP efforts have not been systematic in their assessments of the vulnerability and capacities of diverse groups. (48, 49) Overall, these findings suggest that the lack of information about the composition of owners in a community, and the diversity in their risk perceptions and behavioral motivations in wildfire mitigation planning, is a potential shortcoming in the existing planning process that could be corrected by greater use of socioeconomic information pertaining to landowners and managers in risk mitigation planning efforts. Regarding the third factor-incomplete integration between the assessment of the social and biophysical risk subsystems-current mitigation planning processes encourage planning on the scale of human communities, a scale that in some cases may be compatible with social processes, but not ecological processes on the large and diverse landscapes that contribute to wildfire risk. Current CWPP boundaries are generally defined by a wide range of administrative or political boundaries (e.g., fire protection districts, neighborhoods, towns, multiple towns, entire counties) that are potentially unrelated to the scale of wildfire risk transmission to communities and often to social factors relevant to risk mitigation ( Fig. 1) . (15) This spatial scale mismatch between planning boundaries and the landscape scale of ecological conditions and processes has been widely discussed as a barrier to natural resource planning, particularly conservation. (17, (50) (51) (52) Scale mismatches have a rippling effect through the CWPP process where: (1) property owners, land managers, and communities are potentially not aware of the sources of risk, thereby affecting risk perception and response; (2) social networks may form without key ties among landowners that share risk; (3) communities become maladapted by emphasizing wildfire response (e.g., suppression) at the expense of creating fire resilient landscapes and fire-adapted communities; (4) and (4) the planning boundary results in a group of stakeholders in the planning process that does not include relevant landowners and public land managers. (53) Although current flexibility in planning scale has been noted as a benefit, (54) it exists at the expense of communities potentially failing to identify and quantify their actual sources of risk and bringing key property owners into the risk planning process, and limits integration of the assessment of the social and biophysical risk subsystems noted in other natural hazards. (5) A similar integration gap exists at the U.S. national scale where federal investments in fuel treatments are allocated to national forests with little consideration of social factors affecting each planning region and their influence on the collective mitigation activities of all stakeholders, whether they include state and local governments, tribal entities, nongovernmental organizations, or private landowners. It is possible that this integration gap could compromise the implementation of newer federal policies with respect to the specific goal of creating fire-adapted communities. 
NEW SCIENCE FOR WILDFIRE RISK MITIGATION PLANNING
The analytical framework we outline here addresses the manifold effects of scale mismatches by leveraging new tools to characterize landscape Fig. 2 . Example wildfire simulation for estimating wildfire transmission to communities. Simulated wildfire ignitions and perimeters are intersected with landowner (public, private) and wildland urban interface (WUI) boundaries to determine the potential landscape impact of specific ignition locations in terms of fire burning across landowner boundaries and into the WUI. Map is a portion of the Deschutes National Forest (DES NF) in central Oregon around the community of La Pine. The wildfire was simulated with FlamMap (55) using fuels and weather as described in Ager et al. (78) Hatched polygon is the outline of the 2003 Davis fire that threatened the community of La Pine.
wildfire risk transmission to the WUI, and incorporates the evaluation of important social factors that influence the actions of property owners and land managers to determine optimal mitigation strategies. Recent advances in risk characterization are a key part of this framework, where efficient fire simulation algorithms (55, 56) make it possible to generate quantitative risk assessments that describe and map risk and its transmission among landowners from large wildfires. (57) Both wildfire ignitions and their perimeters are stored for later wildfire simulations, allowing the tracking of fires as they burn through different ownerships and tabulation of different ownerships affected (Fig. 2) . Summarizing many (e.g., 10 4 ) fire simulations in terms of ignitions and perimeters provides a way to map wildfire transmission from national forests or other ownerships to the adjacent WUI and identify the biophysical fireshed around communities (Fig. 3) . This fireshed encloses ignition locations that transmitted fire to it, thus identifying the relevant planning area from a biophysical risk standpoint for community protection planning. Transmitted risk can then be analyzed in terms of the sources of wildfire exposure and the responsible landowners, and feasibility to manage fuels (thinning, burning, fuels mastication) based on operability constraints and administrative regulations (e.g., wilderness, roadless) that prohibit mechanical fuels treatment. The net effect of using a biophysical characterization will likely be a substantial increase in the planning areas around communities (Fig. 3) . This approach for delineating planning areas is in contrast to the current CWPP guidelines (39) where boundaries are typically based on ownership and administrative borders (Fig. 1) . (58) Newer tools and simulation outputs can also be used to build risk transmission networks to characterize landscape wildfire connectivity, and network metrics can be constructed to measure and interpret patterns of wildfire risk relationships among property owners, (2) wildland urban interface (WUI) mapped by SILVIS, (31) and (3) the "fireshed," the area around the WUI polygons where ignitions from simulated wildfires on national forest burned into the WUI. Each ignition coordinate was attributed with the area of WUI burned by the fire associated with the ignition, and the data were then smoothed using inverse distance weighting, resulting in a "fireshed" map of areas outside the WUI that transmit fire to it. Legend shows log transformed values for total WUI area burned. Note the small size of CWPP boundaries relative to the size of the estimated fireshed. Figure adapted from Ager et al. (78) landforms, administrative parcels, and ecological conditions (Fig. 4) . Network analyses are increasingly being used as a tool in conservation biology and resource management as a way to understand landscape connectivity, (23, (59) (60) (61) (62) and in the context of wildfire provide an analytical framework to decompose transmission on a large fragmented landscape, visualize landscape connectivity from a fire perspective, and examine the effects of fuel management (i.e., network intervention). (63) In this way, the biophysical characterization of risk reflects the diversity of ownership patterns, wildfire connectivity among property owners, ecological conditions, and factors that constrain biophysical mitigation (fuels management). These same methods and tools can be used to test how coordinated fuel management strategies (64) affect wildfire transmission networks and the size and shape of community firesheds. We note that national-scale prioritization of fuel management on national forests could also take advantage of this analytical framework to direct fuel management investments in areas of high predicted wildfire transmission to WUIs.
Incorporating newer social science tools into wildfire mitigation planning also offers many avenues to improve existing mitigation efforts by property owners and land managers. Emerging social science research is demonstrating that the risk perceptions of human actors such as private property owners have been found to have a basis in actual wildfire hazardous conditions such as those measured by the potential for crown fire in the vicinity of respondents' parcels, (65) as well as owners' past experiences with wildfire, (66, 67) among other factors. Risk perceptions in turn have been found to influence the likelihood that property owners conduct activities to mitigate wildfire risk on their properties and home sites. (65, 68) Data from emerging social science research efforts can be used to develop empirical models or qualitative assessments characterizing the degree to which individual property owners are likely to engage in mitigation activities given biophysical and social circumstances in individual communities or wildfire planning areas (Fig. 5 ). Such models can be used to compute predicted probabilities based on prevailing landscape and socioeconomic conditions to enable public land managers and officials to identify property owners that are more or less likely to mitigate wildfire risk, and synchronize fuel management across ownerships. Also important are the social connections that link private property owners with neighbors, local land management agencies, and conservation and natural resource groups, and facilitate flows of information among them via social networks. (42, 45, 69, 70) Social networks are integral to the flows of information and resources that influence risk perceptions and capacities for mitigation behavior among both property owners and land managers. (65, 71) Since any one individual is unlikely to have direct experience 5 . Example of incorporating socioeconomic data to map the probability that landowners will engage in landscape fuel management activities. Data can be collected through formal surveys of landowners and land managers and used to build regression equations to estimate the probability that specific landowners will conduct activities that reduce fuel. (65) The resulting map can be used in fuel management simulations to analyze the effectiveness of private risk mitigation, and reveal where fuel management of public lands is needed to synchronize mitigation efforts across public-private ownership boundaries.
with a wildfire and its associated loss, these social connections potentially influence wildfire risk perceptions and mitigation activities among land managers and property owners. The role of social networks in managing wildfire risk on federal lands has become increasingly important following the establishment of external collaborative organizations with statutory authority to guide fuel management and restoration activities. (71) (72) (73) (74) Finally, research on socioecological networks (17, 23, 59, 60, 75, 76) has generated new concepts and approaches for integrating information about the connectivity among human agents (i.e., landowners, land managers, organizations) and biophysical agents (e.g., landowner parcels) with implications for natural hazard and conservation planning. New approaches have been developed for linking social structures and dynamics directly into the ecological network analysis. (77) One relevant finding here is that social connectivity viewed within the context of biophysical processes can reveal differences in scale and pattern that have implications for natural resource planning, and perhaps wildfire risk as well. For instance, the inclusion of social network data can change the priorities in conservation planning, (23) and thus it is plausible that social-wildfire networks can reveal mitigation opportunities that are not evident from individual analyses of the separate systems. (23) For instance, comparing wildfire risk (Fig. 4) and socioeconomic networks (Fig. 6 ) may reveal differences among communities in terms of sources of risk and their mitigation potential as indicated by the composition of the ties in the social fire network.
Whereas social network analysis uses metrics such as centrality and network density as indicators of potential success in planning environments and interventions to increase overall network density, (23) wildfire network metrics measure the potential for risk transmission and the need for mitigation. Network methods can be integrated into planning frameworks to assess the potential impacts of different landowner activities and associated fuel management programs based on network-wide and landowner-specific metrics that influence risk transmission patterns and the social capacity to mitigate. For instance, alternative fuel management scenarios can be devised that emphasize hot spots for WUI risk transmission, (78) and the resulting change in the size and shape of firesheds from fuel treatments can be examined in relation to landowner patterns and capacity to treat. Further work on integrating wildfire risk and social networks may lead to a process to build and analyze socioecological networks for wildfire mitigation planning at the community scale. An important tool for this process will be linking non-landowner organizations to landscape parcels (79, 80) to build ties between the respective social and biophysical networks.
ELEMENTS OF A FIRESHED ASSESSMENT
We propose a wildfire mitigation decision framework that applies these tools and methods for characterizing and prioritizing areas for mitigation of wildfire risk based on coupled spatial analysis of biophysical and social risk factors. This decision framework is founded on the recognition that interdependencies between biophysical and social systems engender wildfire risk, (81) such that (1) biophysical conditions resulting from ecosystem processes and human interventions shape wildfire hazard; (2) human actors such as private property owners, public land managers, and various agencies and organizations observe and interpret wildfire hazard through the lens of cultural beliefs and norms about what constitutes risk; (3) human actors make management decisions on the basis of individual risk perceptions, as well as social constructions of risk formed through social networks; and (4) management actions influence the biophysical conditions of the landscape. The analytical elements of this framework leverage both the biophysical and socioeconomic sciences to augment and improve existing wildfire mitigation planning. We suggest that implementing the process would involve four interdependent analytical steps: (1) characterizing wildfire exposure from large fires and mapping firesheds to define the biophysical risk container around communities; (2) wildfire network analysis to identify risk transmission and constraints on mitigating transmitted risk to private lands; (3) assessing and mapping the social potential to mitigate in relation to fire transmission patterns; and (4) identifying optimal risk management options, including strategies to improve social fire networks and community capacity, fuel management to reduce risk transmission, and enhanced suppression response where necessary.
Characterizing Large Fire Exposure and Mapping Firesheds
Wildfire simulation and risk modeling for landscape planning are widely applied in the USDA Forest Service and other land management agencies to quantitatively characterize risk and exposure. (56) They have not, however, been widely applied in CWPP projects. Protocols for wildfire modeling are well developed in terms of proper calibration and validation, (82, 83) as are practical guides for using the models in a planning environment. (84) Methods for characterizing wildfire exposure and risk (57, 85) and mapping firesheds based on fire ignition points and perimeters to map community firesheds (40) are well developed tools and analytical processes. These tools can also be used to analyze mitigation options such as the effect of landscape fuel treatment scenarios on fireshed size and landowner composition.
Wildfire Network Analysis
Outputs from the wildfire simulation methods above can be processed by network programs (86) to visualize the transmission of fire and generate statistics on node degree, centrality, and other network metrics to describe the connectivity of the landscape. The simulation outputs can be used to partition exposure according to the management capability of the fire source, and determine, for instance, if wilderness and other amenity values on federal lands limit mitigation options. These newer methods potentially provide analytical rigor to the biophysical aspects of the "all lands" approach to risk mitigation. (4) 
Assessment and Mapping the Social Capacity to Mitigate
This third step is an assessment of landowners' propensities for mitigation as a function of spatially explicit information on socioeconomic and ecological variables (Fig. 5) , including wildfire hazard conditions on or near parcels, probable experiences with wildfire events, proximity to processing facilities, income and land values, and building codes. An assessment of mitigation potential must include both the likelihood that homeowners reduce structure susceptibility in the home ignition zone, and the potential for reducing fuels in the surrounding wildlands to address landscape-level risk. These assessments also must identify factors that may prevent particular property owners, or land managers, from either accurately perceiving wildfire risk and transmission, or taking needed action to mitigate risk. For example, property owners may have limited awareness of risk or mitigation opportunities, or may be prohibited from engaging in mitigation activities due to the high cost and a lack of resources. (42, 65, 87) Social network analyses can inform social capacity assessments by revealing the extent to which social network ties among property owners or land management organizations coincide with wildfire risk transmission patterns among ownerships. They also can shed light on whether landowners have the capacity to coordinate or leverage each other's activities to influence wildfire risk on the landscape.
Evaluating existing and future wildfire risk mitigation efforts that public officials can expect of property owners and land managers can be obtained through formal surveys. For example, Fischer et al. (65) used a survey to identify socioeconomic and biophysical factors that were correlated with nonindustrial private forest landowners' perceptions of wildfire risk and likelihood and completion of fuel reduction activities. Factors included the degree of wildfire hazard, values at risk, past wildfire experiences, and the capacity of individuals to undertake mitigation activities. This information was used to estimate a pair of regression equations that were then used to compute the probability that various property owners facing different landscape conditions will conduct activities that reduce fuel. Mapping these probabilities based on prevailing landscape conditions allows managers to identify locations where property owners are more or less likely to mitigate wildfire risk. Such analysis can aid public officials in their selection of areas to treat fuels as well as identify potential locations for targeted policy and programmatic intervention to encourage greater risk mitigation effort. Alternative methods to formal analysis based on survey data include using focus groups, public meetings, or expert opinion to gather information about the likely prevalence of wildfire risk mitigation within firesheds as well consider policy and programmatic approaches to increasing effort.
Identifying Effective Risk Mitigation Options
Based on the foregoing analyses, optimal risk management strategies can be identified by examining the spatial nexus between wildfire risk transmission and the capacity for land managers and property owners to conduct needed mitigation activities. This comparative assessment of the social and wildfire connectivity within firesheds is a key step to identifying mitigation options. Such analysis would partition the risk within the fireshed among the major land ownerships according to management capability, and identify where wildfire risk transmission and risk mitigation potential coincide, i.e., the locations where significant opportunities exist for reducing wildfire risk. For example, simulated wildfires can be used to identify ignition locations (e.g., nonindustrial private, industrial, federal, and tribal lands) that are likely to impact communities, and to identify those property owners that are most likely to undertake mitigation activities. The coincidence of high wildfire risk transmission with low potential for mitigation would define those locations where policymakers and managers may want to target policy interventions to induce greater mitigation effort among property owners. A variety of policies and programs can be used to improve the perception of risk and/or increase the participation of property owners in mitigation activities in the home ignition zone and wildfire risk transmission network, including raising awareness about wildfire risks, or offering education and technical assistance to property owners, to name a few.
IMPLEMENTATION AND FUTURE WORK
Our proposed enhancements to existing planning and prioritization frameworks would address gaps in both local planning as well as broad-scale prioritization for allocating federal and state assistance to mitigate wildfire risk on federal lands adjacent to high-risk communities. The importance of considering the larger landscape conditions in the evaluation of community wildfire risk to WUIs has been noted in fire-prone regions outside the United States as well. (35) Although the bulk of our discussion has focused on WUI wildfire protection, these concepts have wider application in risk and hazard science, especially with regard to the use of network analysis to understand the dynamics of risk in socioecological systems. However, the specific need to improve community wildfire protection strategies is acute, as the increasing global incidence of WUI catastrophes (1, 2, 33, 36, 88) challenges public policymakers tasked with mitigating risk. In the United States, for example, federal investments in fuels management within WUI areas exceed 200 million USD annually, and current prioritization methods do not recognize the interdependence of biophysical risk assessments on federal lands with the socioeconomic evaluation of community capacity to invest in activities on adjacent private lands. Creating fire-adapted communities (72) adjacent to fire-prone wildlands, whether they be large tracts of protected areas or abandoned agricultural land, requires a planning framework where fuel management and fire protection strategies are synchronized among property owners. At broad regional or national scales, our methods will facilitate cross-scale linkages and consistency, a key requirement to account for implementation constraints and opportunities. (89, 90) We acknowledge the challenge of implementing new analytical protocols within community-scale planning environments. However, increasing the analytical rigor of the current process seems warranted and feasible both within the United States and elsewhere. There is wide recognition that strong quantitative methods in social planning processes are needed to facilitate implementation and eliminate scale mismatches. (17) Conceptual papers that describe the linkage of social and biophysical networks (91) and new tools for spatial attribute mapping (80) can help provide a socioecological systems approach to risk mitigation planning. We note again that wildfire simulation and risk modeling for landscape planning are increasingly being applied in the United States and elsewhere, (92) and tools and data for risk transmission and network analysis are well developed. (84, 86, 93) Methods to conduct social network analyses for wildfire mitigation using focus groups, public meetings, and expert opinion will facilitate the integration of social science tools into the planning process. New investments in social science will help develop practical methods for conducting social assessments to aid wildfire risk management, and to foster the application of these methods among communities involved in planning efforts. We envision that case studies and application of the concepts presented in this article will eventually lead to a typology of firesheds that can be used to identify optimal management strategies based on relatively few variables and key drivers such as wildfire risk and transmission, land ownership mix, land-use policies, stakeholders, and adaptive capacity. For instance, Galiana-Martin et al. (94) developed a typology of WUIs for the Valencia region in Spain based on the biophysical characteristics of local and landscape fuels in relation to structure density and vulnerability. By contrast, Paveglio et al. (44) developed a community typology using social metrics that described adaptive capacity in terms of community response to fire risk. What is now needed is an integrated approach to classify large numbers of communities using both biophysical and social data to fully expose the primary risk factors and most efficient mitigation opportunities to improve community resilience to wildfire.
